Winnick JJ, An Z, Moore MC, Ramnanan CJ, Farmer B, Shiota M, Cherrington AD. A physiological increase in the hepatic glycogen level does not affect the response of net hepatic glucose uptake to insulin. Am J Physiol Endocrinol Metab 297: E358 -E366, 2009. First published May 26, 2009 doi:10.1152/ajpendo.00043.2009.-To determine the effect of an acute increase in hepatic glycogen on net hepatic glucose uptake (NHGU) and disposition in response to insulin in vivo, studies were performed on two groups of dogs fasted 18 h. During the first 4 h of the study, somatostatin was infused peripherally, while insulin and glucagon were replaced intraportally in basal amounts. Hyperglycemia was brought about by glucose infusion, and either saline (n ϭ 7) or fructose (n ϭ 7; to stimulate NHGU and glycogen deposition) was infused intraportally. A 2-h control period then followed, during which the portal fructose and saline infusions were stopped, allowing NHGU and glycogen deposition in the fructose-infused animals to return to rates similar to those of the animals that received the saline infusion. This was followed by a 2-h experimental period, during which hyperglycemia was continued but insulin infusion was increased fourfold in both groups. During the initial 4-h glycogen loading period, NHGU averaged 1.18 Ϯ 0.27 and 5.55 Ϯ 0.53 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 and glycogen synthesis averaged 0.72 Ϯ 0.24 and 3.98 Ϯ 0.57 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in the saline and fructose groups, respectively (P Ͻ 0.05). During the 2-h hyperinsulinemic period, NHGU rose from 1.5 Ϯ 0.4 and 0.9 Ϯ 0.2 to 3.1 Ϯ 0.6 and 2.5 Ϯ 0.5 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in the saline and fructose groups, respectively, a change of 1.6 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 in both groups despite a significantly greater liver glycogen level in the fructose-infused group. Likewise, the metabolic fate of the extracted glucose (glycogen, lactate, or carbon dioxide) was not different between groups. These data indicate that an acute physiological increase in the hepatic glycogen content does not alter liver glucose uptake and storage under hyperglycemic/ hyperinsulinemic conditions in the dog. liver glycogen; hyperglycemia; hyperinsulinemia; hepatic insulin signaling IN RESPONSE to a moderately sized oral glucose challenge or a mixed meal, approximately one-third of the ingested glucose is taken up by the liver, with the remaining two-thirds being metabolized by other tissues of the body (6, 25, 26) . Previous research in humans, however, has indicated that in pathological conditions such as type 2 diabetes mellitus (T2DM) the ability of splanchnic tissues (which include the liver) to take up glucose from the blood and store it as glycogen is impaired (3-5, 22, 25). Such a manifestation of insulin resistance contributes significantly to glucose intolerance and the hyperglycemia seen during the postabsorptive period in individuals with T2DM and is a major impetus for the development of medications that would increase liver glycogen deposition in this population.
IN RESPONSE to a moderately sized oral glucose challenge or a mixed meal, approximately one-third of the ingested glucose is taken up by the liver, with the remaining two-thirds being metabolized by other tissues of the body (6, 25, 26) . Previous research in humans, however, has indicated that in pathological conditions such as type 2 diabetes mellitus (T2DM) the ability of splanchnic tissues (which include the liver) to take up glucose from the blood and store it as glycogen is impaired (3-5, 22, 25) . Such a manifestation of insulin resistance contributes significantly to glucose intolerance and the hyperglycemia seen during the postabsorptive period in individuals with T2DM and is a major impetus for the development of medications that would increase liver glycogen deposition in this population.
Hepatic glucose uptake has been shown to be regulated by a number of factors, including the glucose load to the liver, the sinusoidal plasma insulin level, and the arterial-portal glucose gradient. During the postabsorptive period, net hepatic glucose balance (NHGB) is such that glucose is produced at a rate of ϳ2.0 mg ⅐ kg Ϫ1 ⅐ min Ϫ1 . However, infusion of glucose into a peripheral vein to double the load to the liver in the presence of basal insulin causes NHGB to become null or slightly negative (indicating slight uptake), because of a suppression of hepatic glucose output and a smaller increase in hepatic glucose uptake (34) . Insulin is also well known to regulate hepatic glucose metabolism. While hyperinsulinemia within the physiological range fails to stimulate net hepatic glucose uptake (NHGU) under euglycemic conditions (27) , it can stimulate NHGU and glycogen synthesis in a dose-response manner in the presence of hyperglycemia (33) .
A number of papers have been published indicating an inverse relationship between the rate of insulin-mediated glucose uptake and the preexisting intramyocellular glycogen level (11, 20, 24) . Furthermore, this relationship appears to be mediated, in part, by a similar inverse relationship between the glycogen synthetic rate and the glycogen pool size that may (11, 20, 24) or may not (18) be a consequence of impaired insulin signaling. Previous studies in the dog have shown that prolonging the fast duration, and thus reducing the hepatic glycogen content, does not alter NHGU during hyperglycemic/hyperinsulinemic clamp conditions (1), total parenteral nutrition (7), or intraduodenal glucose infusion (13) . On the other hand, both Chen et al. (7) and Galassetti et al. (13) observed that lowering the liver glycogen level by virtue of a prolonged fast was associated with an increase in the proportion of NHGU converted to glycogen. However, it is difficult to attribute those changes to alterations in the glycogen mass per se given the various metabolic changes that are associated with fasting. The consequences of an acute rise in liver glycogen for hepatic glucose metabolism have not been studied, and they may not be the reciprocal of those associated with a decrease in liver glycogen. In the present study, we used hyperglycemia and catalytic amounts of fructose to stimulate NHGU and glycogen deposition in 18-h-fasted dogs, resulting in an acute physiological increase in the hepatic glycogen content. This was followed by a control period and a 2-h hyperglycemic/ hyperinsulinemic period to determine whether the increase in glycogen would impair insulin's ability to stimulate NHGU and net glycogen synthesis.
DESIGN AND METHODS

Animals and Surgical Procedures
Studies were carried out on healthy, conscious 18-h-fasted mongrel dogs with a mean weight of 22.5 Ϯ 0.5 kg. A fast of this duration was chosen because a longer fast would make it more difficult to elevate liver glycogen to the level desired. All animals were maintained on a diet of meat (Kal Kan, Vernon, CA) and chow (Purina Lab Canine Diet no. 5006; Purina Mills, St. Louis, MO) comprised of 34% protein, 14.5% fat, 46% carbohydrate, and 5.5% fiber based on dry weight (ϳ1,500 kcal/day). The animals were housed in a facility that met American Association for Accreditation of Laboratory Animal Care guidelines, and the protocol was approved by the Vanderbilt University Medical Center Animal Care and Use Committee.
Approximately 16 days before study, each dog underwent a laparotomy under general anesthesia (0.01 mg/kg buprenorphine and 5 mg/kg propofol before surgery and ϳ1.0 -2.5% isoflurane inhalation anesthetic during surgery), and silicone rubber catheters for sampling were inserted in a hepatic vein, the hepatic portal vein, and a femoral artery as described in detail elsewhere (33) . Catheters for intraportal infusion were placed in a splenic and a jejunal vein (each of which empties into the portal vein), while ultrasonic flow probes (Transonic Systems, Ithaca, NY) were placed around the portal vein and the hepatic artery as described elsewhere (33) .
Approximately 2 days before each study, blood was drawn to determine the leukocyte count and hematocrit for each animal. The dog was studied only if it had a leukocyte count Ͻ18,000/mm 3 , a hematocrit Ͼ35%, a good appetite (as evidenced by consumption of 75% of the entire daily ration), and normal stools.
On the morning of each study, the catheters and flow probe leads were exteriorized from subcutaneous pockets under local anesthesia (2% lidocaine, Hospira, Lake Forest, IL). The contents of each catheter were aspirated, and then they were flushed with saline. Catheters (Deseret Medical, Becton Dickinson, Sandy, UT) were then inserted into the cephalic and saphenous veins to allow infusions as described. The animals stood comfortably in a Pavlov harness throughout the experiment.
Experimental Design
Each experiment consisted of a 4-h liver glycogen loading period (Ϫ360 to Ϫ120 min), a 2-h control period (Ϫ120 to 0 min), and a 2-h experimental period (0 to 120 min). Each experiment was initiated at Ϫ360 min by the infusion of somatostatin (SRIF; 0.8 g⅐kg Ϫ1 ⅐min
Ϫ1
; Bachem, Torrance, CA) into a peripheral vein to disable the endocrine pancreas (Fig. 1 ). This was accompanied by the intraportal replacement of both insulin (0.3 mU⅐kg Ϫ1 ⅐min
; Eli Lilly, Indianapolis, IN) and glucagon (0.55 ng⅐kg Ϫ1 ⅐min
; Glucagen, Novo Nordisk, Bagsvaerd, Denmark) at basal rates. At the same time, the hepatic glucose load was doubled by the infusion of a 50% dextrose solution into a peripheral vein and fructose (n ϭ 7; 0.4 mg⅐kg Ϫ1 ⅐min
) or saline (n ϭ 7; 0.9%) into the portal vein to stimulate NHGU and glycogen deposition (in the fructose group), creating a resultant difference in the hepatic glycogen content between groups. This 4-h glycogen loading period was followed by a 2-h hyperglycemic control period during which the portal vein infusions of saline and fructose were discontinued but the pancreatic clamp and hyperglycemic clamp were continued, allowing NHGU and glycogen deposition in the fructose-infused animals to return to rates similar to those of the saline-infused dogs. During the final 2-h period (i.e., 0 -120 min), the intraportal infusion of insulin was increased to four times the basal rate (1.2 mU⅐kg Ϫ1 ⅐min
) in both groups, while the elevated hepatic glucose load was maintained by the infusion of glucose into a peripheral vein as necessary. In all experiments a constant infusion of indocyanine green (ICG) dye (0.076 mg/min; Sigma Immunochemicals, St. Louis, MO) was begun at Ϫ210 min via a peripheral vein, and a constant infusion of [ 14 C]glucose was begun at Ϫ90 min to measure hepatic glucose oxidation, allowing for equilibration of the tracer with blood glucose before the experimental period. At the conclusion of the study, animals were euthanized with an overdose of pentobarbital. Immediately thereafter, liver and muscle biopsies were taken with prechilled Wallenburger tongs. The positions of the catheter tips were then verified, and the biopsy samples were stored at Ϫ80°C until they were assayed.
Processing and Analysis of Samples
The collection and immediate processing of blood samples have been described previously (12) . Four 10-l aliquots of plasma from each sample were immediately analyzed for glucose with the glucose oxidase method (Beckman Instruments, Fullerton, CA). Plasma insulin, glucagon, cortisol, lactate, glycerol, and nonesterified fatty acid (NEFA) concentrations were measured as previously described (34) . Liver samples were pulverized in liquid nitrogen and assayed for liver glycogen as described previously (21).
14 C-labeled carbon dioxide was sequestered in an airtight 20-ml vial by treating a 500-l aliquot of whole blood with 500 l of 6 N HCl, to lyse the red cells and allow all gases to diffuse within the vial. The carbon dioxide was collected with Whatman chromatography paper (Whatman International; Maidstone, UK) treated with 400 l of 1.0 M benzethonium hydroxide while suspended in a well above the blood sample to prevent contamination with tracer from glucose in the whole blood. Samples were allowed to incubate at room temperature overnight, after which the well and Whatman paper were transferred to a scintillation vial along with 2 ml of 0.5 M NaOH and 10 ml of scintillation cocktail (EcoLite) and agitated for 2 h at room temperature. Samples were then incubated in the dark for 2 wk before counting.
Protein Extraction, SDS-PAGE, and Immunoblotting
Electrophoretic separation, blotting, and immunodetection of proteins were performed as described previously (35) . Frozen tissue samples were homogenized in buffer including 50 mM Tris ⅐ HCl pH 7.0, 100 mM sucrose, 10% (vol/vol) glycerol, 2 mM EDTA, 2 mM EGTA, 25 mM NaF, 10 l/ml buffer of phosphatase inhibitor cocktail 1 and 2, and protease inhibitor cocktail (Sigma, St. Louis, MO).
Homogenates were centrifuged at 10,000 g for 20 min, supernatants Total hepatic blood flow, ml ⅐ kg
Arterial blood lactate, mol/l Samples were subjected to SDS-PAGE (12% resolving gel) followed by transfer to nitrocellulose membranes. Blocking was performed with 5% (wt/vol) bovine serum albumin in Tris-buffered saline containing Tween 20 [TBST: 10 mM Tris-base, pH 7.0, 150 mM NaCl, 0.1% (vol/vol) Tween 20] for 1 h at room temperature, and membranes were then incubated 2 h with the appropriate primary antibody (Cell Signaling, Danvers, MA). After three 5-min washes with TBST, membranes were incubated with horseradish peroxidase (HRP)-conjugated secondary antibody (Promega, Madison, WI) for 1 h at room temperature, followed by three 5-min washes in TBST. Proteins were visualized with ECL Plus Western detection reagents (GE Healthcare, Piscataway, NJ) and the ECL signal was detected after brief (5-30 s) exposure to X-ray film. Bands were quantified with ImageJ software (http://rsb.info.nih. gov/ij/), and the intensity of the phosphoprotein signal was normalized to the total protein signal, with ␤-actin used as a loading control.
Calculations and Data Analysis
Hepatic blood flow (HBF) was measured with ultrasonic flow probes and with the use of ICG dye according to the method of Leevy et al. (23) . Plasma glucose levels were converted to whole blood values as described previously (19, 30) . Net hepatic substrate balance, net hepatic fractional substrate extraction, sinusoidal insulin and glucagon levels, and the hepatic glucose load were calculated as described previously (32) . Nonhepatic glucose uptake was calculated as the sum of NHGB and the exogenous glucose infusion rate after correcting for the change in glucose mass (28) (16) , indicating its relative lack of importance in the measurement of glucose disposition. Furthermore, while acute consumption of fructose has been shown to increase the plasma triglyceride level, this has been ascribed to reduced clearance of triglycerides, not an increase in their production (8, 17) . 
Statistical Analysis
All data are presented as means Ϯ SE, and statistical analyses were performed with SigmaStat (Aspire Software International; Ashburn, VA) software. Clamp data were analyzed with repeated-measures ANOVA (group ϫ time), while unpaired Student's t-test was used to compare the glycogen levels between groups. Post hoc comparisons were made as appropriate with the Student-Newman-Keuls method. Regression analyses were performed via simple linear regression. Statistical significance was determined as P Ͻ 0.05.
RESULTS
Plasma Hormone and Glucose Concentrations and Hepatic Glucose and Lactate Metabolism
Glycogen loading period. During the glycogen loading period the arterial plasma glucose level was 2 ϫ basal in each group. On the other hand, the hepatic sinusoidal insulin and glucagon levels were basal and similar in both groups [P ϭ not significant (NS); Fig. 2 ], as were the plasma cortisol levels (2.4 Ϯ 0.3 g/dl for saline and 2.8 Ϯ 0.4 g/dl for fructose). HBF was slightly higher during the glycogen loading period in the fructose group (P Ͻ 0.05 vs. saline; Table 1 ). NHGU, net hepatic glycogen synthesis, and net hepatic lactate output were much greater during the glycogen loading period in the fructose infusion group than in the saline infusion group (P Ͻ 0.001; Fig. 2 ).
Control and experimental periods. Total HBF, which was slightly elevated during fructose infusion, returned to a rate similar to that in the saline-infused group within 1 h of the withdrawal of fructose infusion (Table 1) . Likewise, the arterial blood glucose levels and the hepatic glucose loads were similar between groups throughout these periods (Fig. 3) . The hepatic sinusoidal insulin levels were increased fourfold, while the hepatic sinusoidal glucagon levels remained basal (Fig. 3) in both groups during the experimental period. As expected, Fig. 4 . NHGU (A), net hepatic glycogen synthesis (B), NHLO (in glucose equivalents; C), and hepatic glucose oxidation (D) during the experimental period. No differences were detected between groups at any time point (P ϭ NS). * and #Significantly different (P Ͻ 0.05) from minute 0 in saline and fructose groups, respectively.
NHGU was modest (ϳ1 mg⅐kg
Ϫ1 ⅐min Ϫ1 ) during the last 30 min of the control period regardless of treatment. When insulin was raised, NHGU (Fig. 4) and the hepatic fractional extraction of glucose (data not shown) rose similarly in both groups, but it took 90 min and 45 min in the saline and fructose groups, respectively, for NHGU to increase significantly. The area under the curve for the change in NHGU from baseline (i.e., minute 0) over the entire 2-h experimental period was also similar (113 Ϯ 14 and 133 Ϯ 32 mg ⅐kg Ϫ1 ⅐120 min in the 2 groups, respectively; P ϭ NS between groups). This rise in NHGU was accompanied by a similar increase in net glycogen synthesis (Fig. 4) in both groups. Hepatic glucose oxidation and net hepatic lactate balance were also similar between groups (Fig.  4) and changed minimally over time. When expressed as a percentage of NHGU over the final hour of the experimental period, hepatic glucose oxidation, lactate production, and net glycogen synthesis accounted for 13 Ϯ 3%, 20 Ϯ 3%, and 67 Ϯ 3%, respectively, of NHGU in the saline group, and 14 Ϯ 4%, 24 Ϯ 8%, and 62 Ϯ 9%, respectively, in the fructose group. No significant relationship was detectable between the terminal (i.e., at minute 120 of the study) NHGU and the terminal hepatic glycogen content (r ϭ 0.16, P ϭ 0.57; Fig. 5 ), even when the groups were considered separately (data not shown), indicating that over the glycogen range studied the increase in hepatic glycogen did not diminish the response of NHGU to hyperinsulinemia. As expected, a significant positive relationship was observed between the rates of NHGU and net glycogen synthesis (r ϭ 0.93, P Ͻ 0.001; Fig. 5 ) during the final hour of the experimental period.
Fat Metabolism
Arterial free fatty acids and glycerol were basal and similar between groups during the glycogen loading and control periods ( Table 1) . As expected, the fourfold rise in insulin levels lowered both. No differences in their concentrations or flux rates were detected between groups at any time during the study.
Whole Body and Nonhepatic Glucose Uptake
The total exogenous glucose infusion rate (GIR) was higher during fructose infusion compared with saline infusion (P Ͻ 0.05; Table 1 ). However, after fructose infusion was discontinued, GIR returned to a rate similar to that of the saline group during the control period. In response to insulin infusion, GIR rose similarly in both groups (⌬ from baseline of 13.6 Ϯ 2.7 and 11.3 Ϯ 3.2 mg⅐kg Ϫ1 ⅐min Ϫ1 in saline and fructose groups, respectively). Nonhepatic glucose uptake (Table 1) was similar between groups during the fructose infusion and control periods and also rose steadily during the experimental period in both groups, reaching significance compared with the control period by minutes 30 and 60 in the saline and fructose groups, respectively (P Ͻ 0.05). As with GIR, nonhepatic glucose uptake rose similarly in both groups (⌬ from baseline of 11.8 Ϯ 2.6 and 9.5 Ϯ 2.8 mg ⅐kg Ϫ1 ⅐min Ϫ1 in saline and fructose groups, respectively), and no significant differences were observed between groups at any time point (P ϭ NS).
Tissue Insulin Signaling and Liver Glycogen Levels
At the conclusion of the study the hepatic glycogen level was higher in the fructose infusion group than in the saline infusion group (72.3 Ϯ 6.0 vs. 55.2 Ϯ 2.0 mg/g liver, respectively; P Ͻ 0.02). On the other hand, the skeletal muscle glycogen level was similar in both groups (8.3 Ϯ 0.9 vs. 8.0 Ϯ 0.6 mg/g, respectively; P ϭ 0.65). There were no differences in the phosphorylation state of hepatic Akt or GSK3␤ in the saline and fructose groups (P ϭ NS; Fig. 6 ), indicating that insulin signaling was similar in both groups. Likewise, no differences in skeletal muscle insulin signaling were observed between groups (data not shown).
DISCUSSION
The purpose of this study was to determine whether an acute physiological increase in the hepatic glycogen level would reduce the uptake and/or alter the disposition of glucose by the liver in response to hyperinsulinemia. Previous studies have measured NHGU and glucose disposition in the presence of moderate and low liver glycogen levels (1, 7, 13) , but the prolonged fast employed to reduce liver glycogen undoubtedly produced many hepatic changes in addition to a reduction in glycogen, making interpretation of the data as they relate to the glycogen content problematic. Considering that efforts are underway to develop medications [e.g., glucokinase (GK) activators, phosphorylase inhibitors, glucagon receptor antagonists] that would increase the liver glycogen level, and may very well overfill the hepatic glycogen pool, it is important to understand the metabolic consequences associated with changes in liver glycogen. Our findings indicate that acutely raising the hepatic glycogen level by a large but physiological amount does not alter insulin signaling, insulin-mediated NHGU, or the disposition of glucose within the liver.
Although hyperinsulinemia could have been used to increase the hepatic glycogen level, we chose to use a small (ϳ2 g over a 4-h period) catalytic dose of fructose on the background of hyperglycemia. Fructose is almost exclusively metabolized by the liver and is converted to fructose-1-phosphate, which decreases the affinity of GK for its regulatory protein (GKRP), allowing GK to translocate from the nucleus to the cytosol where glucose is phosphorylated (2) . The use of fructose was particularly attractive for our study because GK translocation and the stimulation of NHGU occur within 15 min (37) , and this effect is rapidly reversed upon the cessation of fructose infusion (Shiota M and Cherrington AD, unpublished observations). Our data are in agreement with those observations, as evidenced by a fivefold increase in NHGU and net glycogen synthesis during fructose infusion and a rapid return of these parameters to rates no different from those in the saline group after the fructose infusion was stopped. Hyperinsulinemia was not as attractive as fructose for glycogen loading because it stimulates NHGU quite slowly in vivo (34) , and this effect is also slowly reversed. In addition, insulin is not able to stimulate NHGU to the same extent as fructose and thus would not fill the glycogen pool to the same extent (33, 37) .
In previous studies, our laboratory (1) and others (7, 13) have investigated the effect of differing fasting lengths (i.e., 18 h vs. 36 h), and thus a lowering of the hepatic glycogen level (albeit not the only change to occur) on hepatic glucose metabolism. Adkins-Marshall et al. (1), using conditions similar to those employed in our study (e.g., 2ϫ basal glucose load, 4ϫ basal insulin and basal glucagon), showed that lowering the glycogen level by prolonging the fast did not affect NHGU, with rates being 1.6 and 1.4 mg ⅐kg Ϫ1 ⅐min Ϫ1 in the prolonged (36 h) and overnight (18 h) fasted groups, respectively. Furthermore, Chen et al. (7) provided 8 h of total parenteral nutrition to conscious dogs fasted for 18 or 42 h and showed no statistical difference in NHGU between groups. However, lactate release by the liver tended to be lower in the 42-h group, meaning that a greater percentage (86 Ϯ 10%) of NHGU was stored as glycogen compared with the 18-h-fasted group (52 Ϯ 9%). A finding of increased glycogen synthesis relative to NHGU after prolonged fasting was also reported by Galassetti et al. (13) , who showed that despite similar rates of NHGU (ϳ2 mg⅐kg Ϫ1 ⅐min Ϫ1 ) during intraduodenal glucose infusion, 79% and 23% of NHGU were diverted to glycogen in 42-and 18-h-fasted dogs, respectively. However, the finding that only 23% of NHGU was converted to glycogen in 18-hfasted dogs is surprising since our data show that ϳ65% of glucose taken up by the liver was converted to glycogen. One explanation for this difference is the relatively low systemic levels of glucose and insulin reported by Galassetti et al., which translated into unusually low rates of NHGU during intraduodenal glucose infusion. Moore et al. (29) , using an intraduodenal glucose infusion rate identical to that of Galassetti et al., observed NHGU rates as high as 4.6 mg⅐kg Ϫ1 ⅐min Ϫ1 in 42-h-fasted dogs, presumably due to markedly higher levels of glucose and insulin, with 57% of NHGU being disposed of as glycogen.
To study the impact of the glycogen level on hepatic glucose metabolism without the confounding effects of fasting, we acutely raised the hepatic glycogen level in 18-h-fasted dogs. Our data suggest that a physiological increase in the liver glycogen concentration does not affect insulin signaling, nor does it affect insulin-mediated NHGU. In fact, the maximal increase in NHGU from baseline during the 2-h insulin infusion period was 1.6 mg ⅐kg Ϫ1 ⅐min Ϫ1 in both the saline-and fructose-infused groups despite the difference in hepatic glycogen content. Likewise, the disposition of glucose did not differ between groups.
It is worth noting that the increase in NHGU that was seen in response to hyperinsulinemia occurred quite slowly in both groups. Furthermore, it occurred in concert with a decline in plasma NEFA levels, consistent with previous studies in which hyperglycemia preceded hyperinsulinemia (31, 34) . Thus one must question whether it is insulin per se that stimulated glucose uptake by the liver or the decline in NEFA. Previous data shed light on this question. In the presence of basal insulin and glucagon, and preexisting hyperglycemia, intralipid infusion to offset a nicotinic acid-mediated decline in NEFA (i.e., an increase in NEFA from ϳ50 mol/l to 914 mol/l) reduced NHGU by ϳ1.1 mg ⅐ kg Ϫ1 ⅐min Ϫ1 , which was accounted for entirely by an increase in endogenous glucose production (32) . This indirect effect of insulin would account for about twothirds of the insulin-mediated increase in NHGU in our study, with the remaining third being due to a direct effect of the hormone on the liver and presumably the activation of glycogen synthase (34) . While insulin signaling per se can cause the translocation of GK to the cytosol in the rat, its effect is not additive to that of hyperglycemia (9) . Thus one might predict a slower rate of progression of NHGU when hyperinsulinemia is initiated after hyperglycemia. While future studies will be required to discriminate between the roles of insulin and glucose in hepatic glucose uptake, one can speculate that the primary role of insulin's direct action on the liver is to promote the incorporation of glucose into glycogen by activating glycogen synthase (36) . Uptake of glucose by the liver would therefore appear to be primarily regulated by the glucose load and a signal associated with portal glucose delivery.
While previous studies have shown that the intracellular glycogen content can regulate insulin-mediated glucose uptake in skeletal muscle (11, 20, 24) , the absence of this effect in liver can perhaps be explained by intrinsic differences between these tissues. First, insulin-mediated glucose uptake in muscle is regulated by the transport process, which involves the intracellular compartmentalization of Glut4. However, glucose transporters (i.e., Glut2) in the liver are indigenous to the membrane, and thus transport is not a site of NHGU regulation when the blood glucose level is within the normal physiological range. Rather, the relative activities of GK and glucose-6-phosphatase (G6Pase) determine NHGU in the liver. GK activity is acutely regulated in vivo not by insulin, but rather by its interaction with GKRP. Glucose dissociates GK and GKRP, allowing the translocation of GK to the cytosol, thereby allowing the transport and phosphorylation steps to remain intact, independent of insulin signaling. In turn, these steps lead to the accumulation of glucose 6-phosphate (G6P) in the liver, which complements the action of insulin to activate glycogen synthase (10, 14, 15) without inhibiting GK as is the case with hexokinase (HK) in muscle.
In summary, this study shows that a physiological increase in the hepatic glycogen level does not impair glucose uptake by the liver under hyperglycemic/hyperinsulinemic conditions. Likewise, it does not alter the fate of glucose after it has entered the hepatocyte, further indicating intact insulin action. Future studies will be required to determine whether this is also the case in humans. In addition, it remains to be determined whether the chronic administration of pharmacological therapies that increase glycogen deposition would lead to supranormal glycogen levels (i.e., Ͼ100 mg/g) and, if so, whether that would compromise the liver's ability to metabolize glucose.
